Abstract. Recently, we have shown that multiple scattering (MS) theory, via the MXAN package, is able to reproduce the experimental X-ray absorption near edge structure (XANES) data of biological samples, in particular hemeproteins, from the rising edge up to ~150-200 eV above the edge. In the present work, we illustrate how XANES can be used either as an independent tool to provide bond-lengths and bond-angles for a metalloprotein active site in solution, or in combination with X-ray Diffraction for structural determinations of ligand binding geometry of the same diffracting protein crystal, providing atomic precision even for crystallographic structures solved at > 1.2 Å resolution. At low temperature, XANES can be applied to provide the Fe-heme structure of trapped intermediate conformations of light triggered processes, and some aspects of the ligand binding dynamics. Very recently, XANES difference spectra have been analyzed to provide the Fe-heme structure of multiple intermediates of carbonmonoxy-myoglobin, obtained under different photolysis protocols in solution state.
INTRODUCTION
Atomic precision in metal-ligand distances can be essential for understanding the functional properties of metalloprotein active sites for which function relies on geometrical rearrangements in the 0.01 Å length-scale [1] . Among hemeproteins, many examples can be made: the most well-known is the regulation of oxygen uptake in vertebrate hemoglobins, a peripheral effect triggered by the oxygen binding itself (homotropic effect) based on physiological requirements. Many bacterial hemoglobins, which have recently been discovered, have the same Fe-heme proximal histidine site, with slight geometrical changes tuned by the distal environment, thus tuning the protein for a different function (i.e. catalysis rather than oxygen transport [2] ). Moreover the Fe-heme site is a sensor [3] of many effector proteins (e.g. guanylate cyclase), which are able to trigger a cascade of events (cell regulation) related to a transient increase of the intracellular concentration of small molecules like O 2 , CO and NO.
Until recently, X-ray absorption near edge structure (XANES) spectra were only qualitatively interpreted as indicator of the coordination, spin and valence state of Fe-heme in hemeproteins. We have developed the MXAN method [4, 5] to get quantitative structural information from XANES region (from the edge to ~200 eV above). Here we show the application of the MXAN method to three different tasks: i) the combined XANES and EXAFS analysis of heme and hemeproteins, namely the porphyrinato complex iron(III) tetraphenylporphyrin bisimidazole (Imid 2 -TPP), and myoglobin in the iron (II) deoxy-(deoxy-Mb) and iron (III) cyanomet-(MbCN) forms; ii) the combined XANES and X-ray diffraction (XRD) analysis of the same single crystal of MbCN, leading to refinement of the X-ray structure at 0.01-Å scale precision at the Fe-heme site; and iii) the XANES analysis of multiple fractions of Feheme adducts after low temperature photolysis of carbonmonoxy-myoglobin (MbCO), obtained by different illumination protocols.
METHODS

Data Collection
The XANES and EXAFS spectra of Imid 2 
The GNXAS Method Applied to Fe-heme
EXAFS data analysis has been performed using the GNXAS method [6, 7] . In Fig. 1 the porphyrin macrocycle is depicted, and in Fig. 2 
The MXAN Method Applied to Fe-heme
The MXAN method [4, 5] uses Cartesian coordinates to assess the starting geometry of the porphyrin + His imidazole + 6th ligand to be optimized. It is important to stress that, contrary to EXAFS: i) the coordination number of the central atom is fixed, ii) Debye-Waller factors are neglected, and iii) no polynomial fitting for atomic background extraction is necessary.
During the fit, pyrrolic rings of the porphyrin and the imidazole ring of proximal His are considered as perfectly rigid bodies. The four Fe-Np distances are constrained in a single parameter. Last, the correlation between non-structural parameters (damping factors) and structural parameters is assumed to be weak ( ~ 0), and they are fixed in the final statistical refinement. As a consequence, only 5-6 statistical parameters are varied during the optimization procedure, i.e. the three first-shell distances, two to three parameters related to the 6 th ligand geometry, and the Fe-heme displacement.
RESULTS
XANES and EXAFS Joint Analysis of Hemes and Hemeproteins
A full MS analysis of the XAS spectra from the edge to the high energy region has been performed for Imid 2 -TPP, deoxy-Mb and MbCN. The EXAFS fits (for deoxyMb and MbCN, only) and the XANES fits are shown in Fig. 2 and Fig. 3 , respectively. The structural results (Table 1) 
XANES and XRD Analysis of the Same Single Crystal of MbCN
We have collected both X-ray diffraction (XRD) data and Fe K-edge XANES spectra of the same hemeprotein crystal [8] , at the NWSGC MAD 10 beam line of the Daresbury Synchrotron Radiation Source [9] . A diagram of the experimental protocol is depicted in Fig. 4 . XRD data of a single crystal of MbCN (space group P2 1 ), mounted on a loop at cryogenic temperature, have been solved at 1.4 Å resolution (Fig. 5a ). The a,b and c axes of the same crystal were opportunely oriented with respect to the X-ray photon polarisation vector ε, either parallel to the heme plane or nearly parallel to the heme_normal. The (ε || heme) and (ε || heme_normal) polarized XANES spectra of the crystal have been quantitatively analyzed (Fig. 5b) providing the Fe-heme structural parameters with ±0.02-0.07 Å accuracy on the atomic distances and ±7º accuracy on the Fe-C-N angle. The XANES results have been used to restrain the crystal structure to the finally refined one. The structural results are reported in Table 2 . It shows how XANES can be used in combination with XRD for structural determinations of ligand binding geometry with 0.01 Å scale precision, even for crystallographic structures solved at more than 1.2 Å resolution.
Fe-heme Structure of Multiple Fractions of Intermediates of Low-temperature MbCO Photolysis
XANES spectra at the Fe K-edge have been measured for horse carbonmonoxy-myoglobin (MbCO) and its photoproducts, prepared by two different photolysis protocols ( Fig. 6 ): i), extended illumination at low temperature (15 K) by white light; and ii), slowly cooled from 140 to 10 K at a rate of 0.5 K/min, while illuminating the sample with a 532-nm continuouswave laser source. ε || heme ε || heme_normal CO recombination has been followed while increasing the temperature at a rate of 1.2 K/min. The experimental details are given in ref. 10 . XANES difference spectra [photoproduct -MbCO] have been considered in the analysis. Fitting difference spectra has the important advantage that some systematic errors linked to the (ε || heme) polarized component of the XANES theory can be reduced. We believe that our systematic errors are mostly due to the poor approximation used for the phenomenological broadening function that mimics the electronic damping [4] . As the majority of the signal in solution is due to the (e || heme) scattering, these errors seriously affect the measurement of axial parameters and render them less accurate, as shown in Table 1 . However, as was observed previously [5] , the (e || heme) polarized MbCO and photoproduct spectra are very similar, so that these systematic errors affect both spectra in a very similar way and are mostly eliminated in a difference spectrum.
After extended illumination at 15 K, a single process is observed, corresponding to CO recombination from a completely photolyzed species with CO bound to the primary docking site, formally B state. The temperature peak for this single process is about 50 K. Using samples produced by slowly cooled illumination, the data show a two-state recombination curve with the two temperature peaks being roughly assigned to 50 K and 110 K, formally the B state and D state, the latter corresponding to migration of CO to a secondary docking site. These results are in excellent agreement with previous FTIR studies using temperature-derivative spectroscopy.
The XANES features shown in Fig. 7 probe structural differences between the B state photoproducts induced by extended illumination at 15 K and by slowly cooled illumination. These differences were interpreted as being due to light-induced Fe-heme relaxation under extended illumination, that does not involve CO migration from the B state location. A quantitative description of these B and B-relaxed states, including the measurements of the Fe-Np, Fe-N His , and Fe-CO distances, and the out-of-plane Fe displacement, has been obtained via the MXAN procedure (Table 3) .
Various assumptions are required to be able to apply the XANES analysis to the present case (e.g., no contribution from D states, no doming effects). However, they do not affect the overall conclusion, i.e. the ability to distinguish between relaxed and unrelaxed Fe-heme conformations, and to quantify the degree of relaxation. 
